Precise control over the electrical conductivity of semiconductor nanowires is a crucial prerequisite for implementation of these nanostructures into novel electronic and optoelectronic devices. Advances in our understanding of doping mechanisms in nanowires and their influence on electron mobility and radiative efficiency are urgently required. Here, we investigate the electronic properties of n-type modulation doped GaAs/AlGaAs nanowires via optical pump terahertz (THz) probe spectroscopy and photoluminescence spectroscopy over the temperature range 5 K-300 K. We directly determine an ionization energy of 6.7 ± 0.5 meV (T = 52 K) for the Si donors within the AlGaAs shell that create the modulation doping structure. We further elucidate the temperature dependence of the electron mobility, photoconductivity lifetime and radiative efficiency, and determine the charge-carrier scattering mechanisms that limit electron mobility. We show that below the donor ionization temperature, charge scattering is limited by interactions with interfaces, leading to an excellent electron mobility of 4360 ± 380 cm 2 V −1 s −1 at 5 K. Above the ionization temperature, polar scattering via longitudinal optical (LO) phonons dominates, leading to a room temperature mobility of 2220 ± 130 cm 2 V −1 s −1 . In addition, we show that the Si donors effectively passivate interfacial trap states in the nanowires, leading to prolonged photoconductivity lifetimes with increasing temperature, accompanied by an enhanced radiative efficiency that exceeds 10% at room temperature. † Electronic supplementary information (ESI) available: Experimental details; Schrödinger-Poisson modelling; detailed description of data processing; full photoluminescence and terahertz photoconductivity datasets. See
Introduction
Semiconductor nanowires are of increasing interest in the field of nanotechnology, owing to their suitability for high-speed, electronic and optoelectronic devices. 1 Their unique, onedimensional nature allows for the realisation of lattice-matched axial and radial heterostructures, which have the potential for direct integration into silicon-based devices. To date, many optoelectronic devices based on these nanowire heterostructures have already been demonstrated, such as nanowire solar cells, [2] [3] [4] [5] field effect transistors, [6] [7] [8] room temperature lasers, [9] [10] [11] light emitting diodes [12] [13] [14] and terahertz (THz) detectors. [15] [16] [17] [18] In order to further develop these devices, control of the nanowire conductivity is essential. One way of achieving such control is to dope the nanowire with impurity ions to tailor transport properties, such as carrier mobility and lifetime.
In the past decade, research into electrically doping semiconductor nanowires has increased rapidly, following the demonstration of doped silicon nanowires. 19 Doping was first investigated over three decades ago with the development of p-n junctions in GaAs nanowires 20 and since then, both n-type and p-type doping within the nanowire core and shell respectively have been realised. [21] [22] [23] [24] [25] [26] [27] [28] Nanowire devices based on Group III-V semiconductors show particular promise, owing to high electron mobilities and the ability to engineer the bandgaps of III-V materials. However, there are two key challenges to be addressed before the precise and reproducible control of electrical doping required for many NW device applications is realised. Firstly, the inclusion of dopants often leads to ineffective and/or inhomogeneous doping, [29] [30] [31] [32] [33] [34] and secondly, doping can lead to a severe reduction in the electrical mobility of nanowires, owing to impurity scattering. 28, 35, 36 The technique of modulation doping is an excellent solution to these problems and has been implemented extensively in high mobility semiconductor devices with planar hetero-structure architectures. 37, 38 By spatially separating the ionised impurities from the free charge carriers, impurity scattering can be reduced and a high carrier mobility obtained. Recently, modulation doping in semiconductor nanowire hetereostructures has been demonstrated and shown to produce high extrinsic carrier concentrations with minimal degradation of the carrier mobility, making them appealing for extensive study. 27, 39, 40 For example, modulation doped InAs/InP 41 and GaAs/AlGaAs 42 nanowires have exhibited room-temperature mobilities of 2000 cm 2 V −1 s −1 and 2200 cm 2 V −1 s −1 respectively; and GaAs/AlGaAs nanowires have also been recently implemented into NW-FETs. 8 From these results, it is apparent that modulation doping is an effective way of controlling the nanowire conductivity, however the electron mobility is still lower than for planar devices. 37, 38 So the question remain, as to what underlying mechanisms limit charge conductivity and mobility in modulation-doped nanowires. To this end, a fundamental understanding of dopant ionisation and charge scattering is needed. However, utilising conventional temperature-dependent Hall techniques on nanowires to investigate these properties is difficult, as fabricating lateral electrical contacts onto the nanowire is challenging and accurate doping concentrations are hard to extract. 43 In contrast, the technique of THz spectroscopy offers an effective method of characterising the electrical properties of nanowires in a non-contact fashion. By measuring the transport properties of the modulation-doped nanowires as a function of temperature, the mechanisms of charge-carrier scattering may then be elucidated.
In this work, we determine the scattering mechanisms that limit electron mobility in modulation-doped GaAs/AlGaAs nanowires using temperature-dependent THz conductivity spectroscopy. Furthermore, we measure the ionisation energy of Si donors in these NWs to be 6.72 ± 0.52 meV. Significantly, we demonstrate an increase in carrier mobility at low temperatures, reaching ∼4500 cm 2 V −1 s −1 at 5 K. Fitting of the mobilities as a function of temperature for the modulation doped sample shows that for temperatures above 50 K, scattering from LO phonons mainly governs the carrier mobility, with modulation doping suppressing interface and impurity scattering. Furthermore, we observe an increase in radiative efficiency for temperatures above the donor ionisation temperature, reaching a radiative efficiency of ∼10% at room temperature. Surprisingly, this increase in radiative efficiency was accompanied by a clear increase in carrier lifetime, from 0.81 ns to 2.13 ns. While an increase in radiative lifetime is usually associated with a reduction in charge carrier lifetime, we attribute these results to ionised electrons passivating trap states at the core-shell interface.
Experimental details
Core-shell GaAs/Al 0.33 Ga 0.67 As nanowires were grown via molecular beam epitaxy (MBE) on a p-type (111) Si substrate. Growth conditions were optimised to maximise nanowire yield and details can be found in the ESI. † After forming the GaAs nanowire core, growth parameters were changed to obtain a larger bandgap Al 0.33 Ga 0.67 As shell. After a period of time after growth of the AlGaAs shell, Si impurities were then introduced to produce a n-type delta-doped layer at a distance of 12 nm away from the GaAs/AlGaAs interface with a nominal doping density of N D = 4.5 ± 0.5 × 10 18 cm −3 . Growth of the AlGaAs shell without the Si impurities was then continued and a thin GaAs capping layer coated on top of this shell to limit oxidation. Modulation-doped core-shell GaAs/AlGaAs nanowires with a predominately zinc-blende crystal structure were then produced with the following dimensions: a diameter of 50 nm for the nanowire core, 40 nm for the nanowire shell, with a 5 nm thick dopant layer and a 5 nm thick GaAs capping layer. A schematic diagram and bandedge diagram of the nanowire heterostructure can be found in Fig. 1 . A self-consistent solution of the Schrödinger and Poisson equations 44 was used to calculate the equilibrium band profiles and electron density distributions for this structure (see Fig. S1 in the ESI †). The calculations confirm that the GaAs core of the nanowires is populated by extrinsic electrons that have migrated to the lower potential energy of the GaAs core from ionized Si donor atoms in the AlGaAs shell. For direct comparison of the effects of modulation doping, undoped core-shell GaAs/AlGaAs nanowires were also grown under similar growth conditions (information can be found in the ESI †). Both samples were then transferred onto z-cut quartz substrates for spectroscopic measurements and a direct comparison of their carrier dynamics at a range of temperatures conducted.
The time resolved photoconductivity and carrier dynamics in the frequency domain were measured at a range of temperatures from 5 K to 300 K via the optical pump, terahertz probe (OPTP) setup described in the ESI. † The nanowires were photoexcited with a near-infrared laser of wavelength 800 nm (E photon = 1.55 eV) and pulse duration of 35 fs at fluences between 0.46 and 225 μJ cm −2 . Excitation at this wavelength only allows electron-hole pairs to be selectively generated in the central core region and capping layer of the nanowire and not in the AlGaAs shell. The photoexcitation induces a change, ΔE, in the transmission of the electric field of the terahertz probe pulse through the nanowires, E. The value of ΔE/E is then proportional to the photoinduced nanowire conductivity and thereby the change in free carrier concentration 45 (see ESI †). Thus, OPTP spectroscopy may be thought of as an electrical transport measurement technique with very high temporal resolution, since it probes conductivity dynamics. The terahertz conductivity signal is dominated by the charge species that have the highest product of carrier density and mobility (as is also the case in Hall measurements). As electrons in GaAs have approximately an order of magnitude higher mobility than heavy holes, the photoinduced conductivity is therefore assumed to arise predominantly from the photoexcited electrons for both samples. This photoinduced conductivity can then be measured as a function of time after photoexcitation and as a function of frequency to extract key parameters, such as doping densities, carrier mobilities and carrier lifetimes. 45 
Results and discussion

Effect of donor ionisation
Firstly, we examine donor ionisation and the effect of temperature on the electron mobility in both undoped and modulation doped nanowires. Photoconductivity spectra were measured for ensembles of nanowires at an excitation fluence of 225 μJ cm −2 for temperatures ranging from 5 K to 300 K. The real and imaginary parts of photoconductivity for undoped nanowires at a time 25 ps after photoexcitation are displayed in Fig. 1c and e respectively. The corresponding data for the modulation doped nanowires are shown in Fig. 1i and k. Two sets of photoconductivity spectra are extracted from each of these datasets for two temperatures, 5 K and 300 K, and are displayed for both undoped ( Fig. 1d and f ) and doped nanowires ( Fig. 1j and l). Looking first at the data from the undoped nanowires ( Fig. 1c-f ), for all temperatures, a clear Lorentzian response in the photoconductivity is seen, with a resonance observed at terahertz frequencies. A significant narrowing of the resonance can be seen as the temperature is lowered ( Fig. 1f ), which is associated with increased electron mobility at low temperature. Likewise, for the modulation doped nanowires ( Fig. 1j and l) , a similar narrowing of the Lorentzian response can be observed as the temperature is lowered; however, the resonant frequency is shifted up in frequency compared with the undoped nanowires, especially at temperatures larger than 50 K.
This Lorentzian resonance is associated with plasmons in the nanowires. The lower free charge-carrier densities in semiconductor nanowires, compared with their metallic counterparts, 46 results in a resonant frequency within the terahertz range. 47, 48 The presence of such plasmon modes in GaAs nanowires and modulation doped GaAs/AlGaAs structures has already been demonstrated. 42, 49 In photoconductivity spectra, the resonant frequency lies at the maximum of the real component of the photoconductivity and where the imaginary component crosses zero. For the undoped nanowires ( Fig. 1c and e), a slight redshift in the plasma frequency is observed. This is a result of fewer electrons being photoexcited at low temperatures, owing to a drop in the absorption coefficient for the 800 nm photons. For the modulation doped nanowires ( Fig. 1i and k), a more distinct red-shift in the plasma frequency with decreasing temperature is observed. This red-shift coincides with decreasing free electron density and is a key attribute of plasmon modes. At low temperatures, the free electron concentration is reduced as an effect of freeze-out and thus there are fewer electrons to contribute to the plasmon mode, leading to a lower resonant frequency. From the colour maps of the photoconductivity spectra, this red-shift in resonant frequency can be seen most clearly in the imaginary component of the photoconductivity (Fig. 1e and k) , where the white line depicts the plasma frequency. In contrast to the undoped nanowires, a clear transition in the position of the plasmon resonance can be seen at ∼50 K. As will be discussed later, this transition coincides with the ionisation temperature of the Si dopants. As the dopants are ionised, there is a marked increase in free carrier concentration, which leads to a sharp blue-shift in the resonant frequency, as depicted by the photoconductivity spectra in Fig. 1i and k.
In Fig. 2a , we present the extrinsic electron density in the modulation doped nanowires as a function of temperature, which allows us to determine the Si donor ionisation energy. The extrinsic electron concentration in Fig. 2a can be extracted from the OPTP photoconductivity data in Fig. 1i and k, by noting that the complex photoconductivity of a free electron plasma with a plasmon resonance can be described by
where e is the electronic charge, m * e is the effective electron mass, γ is the momentum scattering rate and n free is the free electron density. For undoped samples, the extrinsic electron density is negligible and n free is therefore assumed to be equal to the photoexcited electron density n photo . ω 0 is the plasmon resonant frequency, which is given by:
where ε r is the dielectric constant at terahertz frequencies (ε r = 12.95 for GaAs), ε 0 is the permittivity of free space, and f is a constant that depends on the nanowire geometry and surrounding dielectric medium. 45 For doped samples, even in the dark, there is still a significant free electron carrier concentration from donated extrinsic electrons, which also leads to a Lorentzian response. Thus, the free carrier density can no longer be attributed purely to the photoexcited electrons and the expression for the complex photoconductivity becomes:
where n free = n photo + n d is the sum of the photoexcited and donated extrinsic electron density n d respectively. 50 By globally fitting this equation to photoconductivity spectral data recorded for a range of photoexcitation fluences and times after photoexcitation, key parameters, such as the extrinsic electron density, n d and scattering rate, γ, can be extracted. For each set of photoconductivity spectra recorded at a specific temperature, n d was set as a global parameter, while n photo and γ were used as local fitting parameters for each spectrum. This is valid as, at a particular temperature, the photoexcited electron density and scattering rate change with photoexcitation fluence and time after photoexcitation, while the density of donated electrons should not change. For all fits, f was fixed to 0.25. 28, 49, 50 Using this approach, the extrinsic electron concentration within the core of the modulation doped GaAs nanowires was found to be n d = 1.90 ± 0.8 × 10 16 cm −3 at room temperature. The large difference between this measured value of n d and the Si ion concentration N D arises because ionised electrons are transferred from the small deltadoped region to the much larger volume of the GaAs core. This effect has been simulated via Schrödinger and Poisson simulations 50 (as shown in Fig. S1 of the ESI †), showing remarkable agreement between the measured and simulated value for n d . The full temperature dependence of the donated electron density, n d was then extracted and plotted as function of inverse temperature, as shown in Fig. 2a .
We found the activation energy of Si donors in the modulation-doped nanowires to be 7.4 ± 0.57 meV using Arrhenius analysis, as depicted by the solid line in Fig. 2a . Significantly, the activation temperature, T a = E a /k b = 57 ± 7 K, matches the temperature, at which a transition in the resonant frequency is seen in the photoconductivity spectral colour map, shown in Fig. 1k , suggesting that this shift is a direct observation of donor ionisation. Below 100 K, an activation energy of 1.8 ± 0.14 meV (T = 19 ± 2 K) is also observed, suggesting the presence of other shallow donor impurities in the GaAs/AlGaAs structures. Such unintentional shallow impurities have also been observed in previous studies on high-quality GaAs/ AlGaAs planar heterostructures. 51 We confirm the values of the donor activation energies via an alternative method based on THz photoconductivity lifetimes. Fig. 2c shows an Arrhenius plot constructed from photoconductivity decay lifetimes measured from the modulation doped nanowires over the temperature range 5-300 K (THz photoconductivity decay curves are shown in Fig. 3 ). Via this method, we measured an activation energy of 6.72 ± 0.52 meV (52 ± 6 K), which not only coincides with the ionisation energy extracted from the extrinsic electron concentrations, but also with the theoretical value of 6 meV for Si donors in MBE-grown AlGaAs. 52 These results also highlight THz spectroscopy as an accurate method for extracting activation energies of samples without the need to apply electrical contacts.
Temperature dependence of the electron mobility
A fundamental understanding of charge scattering mechanisims in nanowires will facilitate the development of higher mobility and higher speed NW devices. In order to understand the mechanisms that limit charge mobility in doped nanowires, we observed the dependence of THz photoconductivity spectra on temperature. By utilising the scattering rates taken from fits of the photoconductivity spectra shown in Fig. 1c ,e, i and k, the electron mobility as a function of temperature was extracted and plotted in Fig. 2b . At 5 K, a high electron mobility of 4360 ± 380 cm 2 V −1 s −1 was extracted for the modulation doped sample. This value is similar to the mobility of the undoped reference sample (4830 ± 140 cm 2 V −1 s −1 ). For both samples, the carrier mobility decreased with increasing temperature, with a room temperature electron mobility of 2220 ± 130 cm 2 V −1 s −1 for the doped nanowires and 2220 ± 180 cm 2 V −1 s −1 for the undoped nanowires. At both the low and high temperature limits, the electron mobilities for the doped and undoped nanowires are comparable, yet the behaviour of the mobility at intermediate temperatures differ. For the undoped sample, no significant change in gradient is observed in the temperature-dependent electron mobilities, and the electron mobility follows the form μ ∼ T −0.64 for all temperatures between 5 K and 300 K. This temperature dependence for the electron mobilities is attributed to a combination of the dominant longitudinal optical (LO) phonon scattering and ionised impurity scattering due to background unintentional doping within the nanowires. For pure LO phonon scattering in a system, the electron mobility is theoretically predicted to be proportional to T −1/2 . 53 Yet, for bulk GaAs, which displays a combination of LO phonon scattering, ionised impurity and interface scattering, the mobility has been reported 54 to vary according to T −1 . The experimental exponent obtained here for the undoped nanowires therefore falls between values for pure LO phonon scattering and the exponent measured for bulk GaAs. 54 For the modulation doped sample, a clear change in gradient for the mobilities can be seen at the donor ionisation temperature. Below 50 K, the electron mobility decreases rapidly with increasing temperature, with μ ∼ −T, as shown by the fit in Fig. 2b . This linear dependence of electron mobility with temperature has previously been observed in temperature-dependent mobility studies on planar modulation doped GaAs/AlGaAs heterostructures and can be attributed to a superposition of scattering mechanisms, which are all significant at low temperatures: acoustic-phonon (piezoelectric and deformation potential) scattering; remote background impurity scattering; interface, defect and alloy disorder scattering. 55, 56 Given the high surface area to volume ratio of the nanowire core, and the distance of Si dopants from the core, the effect of interface scattering is expected to be the dominant low temperature scattering mechanism. Interestingly, at temperatures above 50 K, the electron mobility follows the ideal form, μ ∼ T −1/2 , for LO phonon scattering. Thus, our results are consistent with the electron mobility in modulation doped nanowires being primarily limited by LO phonons at room temperature.
To further help separate the mechanisms responsible for electron scattering in modulation doped nanowires, we observe and model the temperature dependence of photoluminescence (PL) broadening. PL spectra were measured at temperatures between 5 K and 300 K from ensembles of modulation doped and undoped nanowires. NW samples were photoexcited with 100 fs laser pulses at a central wavelength of 740 nm with a fluence of 500 μJ cm −2 . The PL spectra are shown in Fig. S5 and S6 of the ESI. † Fig. 4a shows full width at half maxima (FWHM) of the PL emission peak as a function of temperature. PL broadening arises from a range of mechanisms that show differing temperature dependencies. Specifically, the temperature dependence of the PL linewidth Γ(T ) can be expressed as the sum, 57, 58 ΓðTÞ
where the constant term Γ 0 represents inhomogeneous broadening arising from disorder originating for example from inter- We have simplified the acoustic phonon scattering term to be linear in temperature, Γ ac = γ ac T, as the energy of acoustic phonons can be assumed to be much smaller than k b T. The experimental PL FWHM for the modulation doped nanowires were modelled with eqn (4) and the fit is shown as the solid line in Fig. 4a (full details of the fitting method are provided in the ESI †). It was found that just two terms were sufficient to accurately reproduce the experimental data, the temperature independent disorder term and the LO phonon term; Γ(T ) = Γ 0 + Γ LO . The LO phonon energy extracted from the fit was 26 ± 7 meV, which is close to literature values for GaAs and AlGaAs (∼36 meV). We speculate that the slight reduction in value for the LO phonon energy, compared to bulk zinc blende GaAs, may be the result of wurtzite segments in our polytypic nanowires. [59] [60] [61] Thus, the temperature dependence of both the electron mobility and PL FWHM indicate that at room temperature the primary scattering mechanism in our modulation doped nanowires arises from LO phonons.
Temperature dependence of radiative efficiency and photoconductivity lifetime
Finally, we consider the radiative efficiency of undoped and modulation doped nanowires. Radiative efficiency is a key parameter for developing solar cells, 62,63 lasers 11 and LEDs 64 based on nanowires. Fig. 4a and b shows the radiative efficiency of both undoped and modulation doped nanowires over a temperature range from 5 K and 300 K for an excitation fluence of 500 μJ cm −2 . Full details of experimental setup and calculations for the radiative efficiency can be found in the ESI, † along with a detailed explanation of the low-temperature behaviour, where excitonic effects dominate. At room tempera-ture, a radiative efficiency of 9.4 ± 1.2% is seen, an order of magnitude higher than for the undoped sample. We now compare the temperature dependence of the photoinjected electron lifetime in the nanowires (shown in Fig. 2d) , with the temperature dependence of the radiative efficiency (Fig. 4c ). Above 50 K, for modulation doped nanowires, both the radiative efficiency and photoinjected electron lifetimes increase with increasing temperature, whereas for the undoped nanowires the opposite relationship with temperature is observed. This is somewhat counterintuitive as one would expect an increase in radiative efficiency to lead to a reduction rather than an increase in electron lifetime, as the excited electrons recombine more efficiently. However, this simple analysis ignores changes in nonradiative recombination with temperature. Indeed, our results support the hypothesis that trapping of charge carriers in defects at the core-shell interface dominates the recombination dynamics in core-shell nanowires. 28 The increase in radiative efficiency of the modulation doped nanowires can therefore be attributed to donated extrinsic electrons filling and hence passivating interfacial trap states, thereby reducing the non-radiative recombination rate. This would have the observed effect of boosting both the electron lifetime and the radiative efficiency. This is an exciting result, as it suggests that the increase in radiative efficiency at room temperature for the doped nanowires is a direct result of passivation of trap states, which may be achieved through well designed modulation doping. Recently, p-doping in GaAs nanowires has also been shown to increase radiative efficiency in unpassivated nanowires, allowing for nanowire lasing to be achieved at room temperature. 11 Thus, modulation doped nanowires are promising candidates for use in optoelectronic devices, such as solar cells, nanolasers and LEDs, owing to their excellent radiative performance at both low and high temperatures.
Conclusions
In conclusion, we have conducted the first temperature-dependent THz spectroscopy study of the charge carrier dynamics of GaAs/AlGaAs core-shell modulation doped nanowires. From both photoconductivity lifetime and spectral measurements, an activation energy of 6.7 ± 0.5 meV (T = 52 K) was extracted for the Si dopants, which coincides with the theoretical value for bulk AlGaAs. An increase in photoconductivity lifetime with increasing temperature was seen above the Si dopant ionisation temperature. This is a direct effect of the donor electrons passivating trap states at the core-shell interface, prolonging carrier lifetime. An increase in radiative efficiency above this ionisation temperature is also observed from PL spectra, as increased passivation of trap states allows for a reduction in non-radiative recombination and thereby increased radiative recombination. Furthermore, the electron mobility was extracted for temperatures from 5 K to 300 K. For the modulation doped nanowires, the electron mobility was also found to decrease with increasing temperature, with a transition between scattering mechanisms at the ionisation temperature. Below 50 K, the electron mobility was found to be dominated by interface scattering; whereas above 50 K, LO phonon scattering was determined to be the dominant scattering mechanism. A high electron mobility of 4360 ± 380 cm 2 V −1 s −1 was found at 5 K, with a room temperature mobility of 2200 ± 130 cm 2 V −1 s −1 . These results indicate that electron mobilities and radiative efficiency of high quality doped nanowires may be further increased by improved interface engineering combined with modulation doping schemes that reduce the effectiveness of both impurity and interface scattering.
